A proposed technique for size reduction of a conventional inverted-F antenna (IFA) and a planar inverted-F antenna (PIFA) by employing a reactive load generated by a short-circuited stub is presented. The reduction factor of both antennas is around 30%, and the main parameters of the devices are preserved, including a fractional bandwidth of 4% and a gain of −2 dB. Both antennas operate around 1.5 GHz.
Introduction
In the literature, there are several techniques to reduce the dimensions of conventional antennas. Many of them are applied to different kinds of devices, including strip antennas and wire antennas. Bending, folding, and meandering are techniques for antenna miniaturization, and they have been used since many years ago due to their efficiency [1] . The modification of the structure forces the current to flow along a curved and longer path, resulting in a lower resonant frequency. The inverted-F antenna is evolved from a quarter wavelength antenna, and the following modifications are made to improve the performance of the device [1] . Then, by itself, the IFA and the PIFA antennas are a small version of a resonant monopole. However, as it is demonstrated in this paper, the dimensions of these devices can still be reduced without modifying significantly the main parameters, such as bandwidth, gain, or even cross-polarization levels.
It is well established that reducing its dimensions, the efficiency of the antenna can also be decreased [2] . To get a smaller size, also planar antennas can be folded into multilayered structures, reaching a higher lessening factor leading the antenna to dimensions close to /8 [3] . In [4] a generalization was proposed for folding the antenna into a multilayered structure. The achieved electric length was close to /8.6 with a corresponding fractional bandwidth of 2.98%. The PIFA size can also be reduced via capacitive loading of the top plate [5] and by adding a plane between the ground plane and the PIFA [6] . The goal of the capacitive loading is to compensate the inductive portion of the impedance in order to reduce the reactive part of the impedance [5] . Other methods are based on dielectric loading [7] to reduce the PIFA size, by modifying the shorting pin location [8] or by introducing slots [9] . In this paper, a technique based on a stub loading is proposed in order to reduce the dimensions of the IFA and PIFA structures. This method has been successfully applied in different antennas for size reduction, without degrading the main parameters of the device [10] [11] [12] .
Proposed Technique
As explained in [3, 4] , the length of a PIFA can be reduced by folding the radiator; however, the height of the structure is increased. To avoid as much as possible this drawback, the technique proposed in this study allows reducing the length of the radiator without increasing, significantly, the height of the antenna. The proposal for IFA and PIFA size reduction is depicted in Figure 1 . Figure 1(b) depicts the configuration to reduce the PIFA size. In this case, the stub is implemented by a rectangular waveguide and, as in the case of the IFA configuration, the structure is shortcircuited at the end of the radiator. For both structures, the stub can be filled with a substrate in order to increase the slow-wave factor and longer as a result, making the electric length of the antenna, achieving a higher size reduction.
From Figure 1 , it is clear that both antennas can be modeled as an array which is formed by a ring antenna (feeding line and shorting pin) and a monopole antenna (bent radiator). The electric model is displayed in Figure 2 (a). According to this model, the main resonance of the antenna is given by the combination of the total inductance and capacitance of the ring and the monopole antennas, and and and , respectively. The idea of adding a stud load to the monopole is to increase the inductance , and as a result, the resonance of the antenna is obtained at lower frequencies without modifying the monopole length.
On the other hand, the stub can be modeled as a short-circuited lossless transmission line as observed in Figure 2 (b). The behavior of the stub is inductive, and the input impedance is given by
where in is the input impedance, 0 is the transmission line impedance, is the propagation constant, and is the stub length. As described in (1), the input impedance behaves as an inductive reactance, and this is preserved as long as the stub length, , is less than /4, which is clearly achieved when it is applied into the IFA or PIFA structure. To demonstrate this behavior, a stub-loaded monopole is simulated and the input impedance response is obtained for different stub lengths. The stub-loaded monopole and its current distribution are depicted in Figure 3 (a), and the response is presented in Figure 3 (b). From Figure 3 (a) it is seen that the use of the stub load does not present a current flow with a significant magnitude antiparallel to the main trajectory, which leads to no significant reduction of the radiation efficiency. On the other hand, Figure 3 (b) shows the 11 parameter of the loaded monopole for three different stub lengths: 5 mm, 10 mm, and 15 mm. When the stub length is increased, the imaginary part of the input impedance shows an inductive behavior.
For example, the markers in the figure point out at 2.5 GHz, in which the imaginary part of the 11 parameter is −0.59, −0.15, and 0.63, corresponding to stub lengths of 5 mm, 10 mm, and 15 mm, respectively. As a conclusion, the longer the stub is, the more the inductive load is achieved. On the other hand, from (1) it is clearly noted that the stub performance depends not only on the length but also on the radius.
To demonstrate this behavior, a stub length of 15 mm is fixed and the radius is varied and so the input impedance, in order to verify the frequency performance of the structure. The results are depicted in Figure 4 .
From Figure 4 , it is seen that the resonance of the radiator for different stub widths changes when the radius is bigger. However, the bandwidth is also reduced. For example, when the stub radius is 1 mm, the resonance is around 2.3 GHz, and the bandwidth (considering a 11 ≤ −10 dB) is about 80 MHz. On the other hand, when the stub radius is 3.0 mm, the resonance is close to 1.5 GHz, but the bandwidth is around 30 MHz. From these results, there is a trade-off between the stub radius and the reduction factor which need to be taken into account to be employed in the IFA and PIFA antennas. Considering these facts, a radius of 1.5 mm is considered, since a good performance is obtained regarding frequency shift, bandwidth, and antenna total volume.
In order to analyze the behavior of the proposed technique into the IFA structures, a design process is made employing a finite element electromagnetic simulation software. A configuration of an IFA as shown in Figure 1 (a) with radiator length of 20 mm is considered, taking into account different stub lengths, . The simulation results are presented in Figure 5 . The ground plane for both structures in Figure 1 is 140 mm × 70 mm. The radiator is centered on the ground plane.
As previously demonstrated, the bigger the stub length (the bigger the inductance), the lower the resonant frequency and the better the input port matching, since the real pat of the input impedance is closer to 50 Ohms and the imaginary part is close to zero, as observed in Figure 5 . In [5] , it is demonstrated by showing the VSWR that while the capacitance load is bigger, not only a smaller resonant frequency is obtained, but also the input matching port is degraded, as well as the bandwidth. Since, in this particular case, the proposed method improves the port matching ( 11 parameter), an advantage compared to the conventional capacitive loading [5] is achieved. On the other hand, a similar frequency behavior is shown by the PIFA with stub. However, in this case, the port matching is almost preserved, as observed in Figure 6 , where a loaded PIFA with a radiator length of 25 mm was studied employing different stub lengths.
For demonstration purposes, an IFA and a PIFA structures were designed, simulated, and characterized, employing the size reduction technique proposed in this work, as seen in the next sections.
Simulated and Measured Results of Proposed Antennas
In order to demonstrate the efficiency of the proposed method to reduce the dimensions of an IFA and a PIFA, two stub-loaded antennas were designed, simulated, and compared to conventional devices. Both antennas are made to perform around 1.5 GHz, and the dimensions are depicted in Figure 7 . In both structures, the shorting pin is located at 2 mm from the feeding line. This dimension is obtained to better the port matching. The simulation process was made by using an electromagnetic simulation software based on finite element algorithm, and the comparison of the simulated 11 parameter of a conventional and the reduced IFA is given in Figure 8 . To resonate at the same frequency, the conventional antenna has a radiator length of 43 mm and the rest of the dimensions are the same as the reduced antenna depicted in Figure 7 .
The simulated 11 parameter establishes that the loaded antenna shows a slightly less port matching than the conventional one, but the bandwidth is kept. Of course, the resonance can be shifted by barely modifying the stub length, which can also be employed as a tuning technique. On the other hand, Figure 9 presents a comparison of the simulated radiation patterns of both antennas.
As observed in Figure 9 , the reduced antenna performs as well as the conventional one, showing both omnidirectionality in the X-Y plane with an average gain of −1 dB and a pattern with nulls in the X-Z plane. It is also observed that the reduced antenna seems to have a slightly bigger gain at certain angles. This fact is mainly due since the reduced antenna aperture is somewhat bigger than the conventional one, as a result of the stub volume. Then, using a stub-loaded configuration, the reduced antenna is 30% shorter than the conventional device, but with a nondegraded performance, since the bandwidth and gain are kept.
On the other hand, the reduced PIFA of Figure 7 (b) is contrasted to a conventional PIFA, whose radiator length is 34 mm. The remaining dimensions are the same as those of the reduced PIFAs. Figures 10 and 11 present the comparison of the 11 parameter and the radiation pattern, respectively, of the reduced and conventional PIFA. Figure 10 shows a close convergence between the 11 parameter of the conventional and the reduced PIFA. The simulated fractional bandwidth in both cases is about 4%. However, the disadvantage of the reduced antenna is a lower port matching, going from −18 dB, for the conventional device, to −14 for the reduced PIFA. The radiation pattern of the reduced PIFA is very similar to that of the conventional one, as deduced in Figure 11 . Analyzing the results from Figures 10 and 11 , it is concluded that both antennas perform alike.
However, also from Figure 11 , there is a little difference between the gain magnitudes of the antennas. Even the omnidirectionality in the X-Y plane is kept.
According to previous results and following dimensions given in Figure 7 , the antennas were built and the prototypes are presented in Figure 12 .
The measured and simulated 11 parameter of the reduced IFA and PIFA prototypes is depicted in Figure 13 .
A close convergence between the simulated and the measured results is got, and this is shown in Figure 13 . The proposed technique performs adequately, achieving a size reduction around 30% for both cases, without significant changes in gain, radiation pattern, and bandwidth. On the other hand, the measured gain and radiation pattern are not considerably modified, as demonstrated in Figure 14 . Figure 14 shows the normalized measured gain pattern in the X-Y plane and the X-Z plane, as well as the crosspolarization level. As observed, both antennas have an omnidirectional radiation pattern and low cross-polarization level, which is around 20 dB less than the maximum gain. The average measured gain is close to −2 dB in the X-Y plane, which is comparable to the gain of conventional IFA and PIFA antennas. The fractional bandwidth is close to 4%, which is bigger than that obtained by other methods [4] . As a result, the proposed technique allows reducing the size of the antennas around 30%, but the radiation pattern, gain, bandwidth, and cross-polarization level are very similar to those parameters achieved by conventional IFA and PIFA structures.
Conclusions
Most size reduction techniques have the disadvantage of degrading the performance of antennas, by reducing either the radiation efficiency, the bandwidth, or the gain. In this work, a technique based on a stub loading is proposed to reduce the radiator length of an IFA and a PIFA. The technique loads the antenna with an inductive reactance, increasing the electrical length of the radiator, allowing obtaining a lower resonant frequency for a small size structure. The reduction factor is close to 30% and, theoretically, a bigger one could be reached if the stub is filled with a dielectric, increasing the slow-wave factor. This technique achieves a good trade-off between size reduction and performance degradation, which involves a very small reduction of the gain and the bandwidth and no modification of the radiation pattern shape.
